Little is known about reproductive function in girls with youth-onset type 2 diabetes.
O besity is associated with irregular menses and decreased fertility (1) , partly because of its cooccurrence with polycystic ovarian syndrome (PCOS) (2) . In adolescents, PCOS is characterized by clinical and/ or biochemical evidence of elevated testosterone and oligomenorrhea (2, 3) . PCOS is also associated with insulin resistance, particularly in women who are obese, and increased risk for type 2 diabetes in adults (4, 5) . Systemic insulin resistance is presumed to result in elevated testosterone through preserved ovarian responsiveness to compensatory hyperinsulinemia, which excessively stimulates ovarian androgen production (6) and suppresses hepatic sex hormone-binding globulin (SHBG) production by the liver (7) . A similar pathophysiological schema has been proposed for adolescents with PCOS who have decreased insulin sensitivity and compensatory hyperinsulinemia compared with obese controls (8) . Obesity is also thought to be associated with functional hypogonadotropic hypogonadism in some women (9) , but this disorder has not been well characterized. The frequency of menstrual dysfunction among adolescent girls with type 2 diabetes has not been reported. Furthermore, although metformin treatment has been demonstrated to improve glucose tolerance in adolescent girls with PCOS and impaired glucose tolerance (10) , little is known about treatment effects in girls with type 2 diabetes and PCOS or other menstrual disorders.
The Treatment Options for Type 2 Diabetes in Youth (TODAY) study was designed to assess the addition of lifestyle improvement or rosiglitazone to standard metformin therapy on durability of glycemic control. This secondary analysis takes advantage of the largest reported adolescent type 2 diabetes cohort in the world to (1) assess the frequency of self-reported menstrual dysfunction in girls with recently diagnosed type 2 diabetes, (2) compare metabolic and hormonal characteristics in TODAY girls with and without menstrual dysfunction, (3) assess the effect of treatment on menstrual function, and (4) evaluate associations of sex steroids with estimates of insulin sensitivity, insulin secretion, and oral disposition index (oDI, b-cell function in relation to insulin sensitivity).
Methods

Study cohort
The TODAY study was designed to evaluate the effects of three treatment arms (metformin alone, metformin plus rosiglitazone, and metformin plus lifestyle) on time to failure to maintain glycemic control [hemoglobin A1c (HbA1c) $8% for 6 months or inability to wean from temporary insulin started for acute metabolic decompensation]. Detailed methods are published elsewhere (11, 12) .
Briefly, TODAY study participants were identified from 15 participating diabetes centers. Eligibility criteria included negativity for diabetes autoantibodies (glutamic acid decarboxylase-65 and tyrosine phosphatase), measurable C-peptide, body mass index (BMI) in or above the 85th percentile, age at entry 10 to 17 years, and ,2 years' duration of type 2 diabetes. After an initial screening visit, those who met eligibility criteria participated in a 2-to 6-month run-in period, which consisted of mastery of standardized diabetes education, titration of metformin to a maximum dose of 1000 mg twice daily (minimum of 500 mg twice daily), discontinuation of all other oral diabetes medications, and discontinuation of insulin. To successfully complete the run-in period, participants were required to maintain an HbA1c of 8% or less. Participants were followed for an average of 3.86 years. For the following analyses, we present data from baseline (randomization) and months 12 and 24. Measures performed at the baseline and through follow-up included anthropometrics (height, weight, and waist circumference), blood pressure, fasting laboratory studies (collected before 10 AM after a 10-to 14-hour fast), and a 2-hour oral glucose tolerance test (OGTT). All participants provided both informed parental consent and minor-child assent.
Assessment of menstrual dysfunction
Menstrual history was assessed retrospectively by selfreport. At baseline (after run-in, and just before randomization), the following questions were asked: (1) "Have you had your first period? (2) If yes, how old were you when your periods began? and (3) How many periods have you had in the past 6 months?" Regular periods were defined as a response of "yes" to the question about ever having a period at baseline, having had five periods or more in the past 6 months, and having had the first period at least 1 year before baseline. The timeframe of 1 year was chosen on the basis of evidence that most girls achieve a regular menstrual cycle within 1 year after menarche (13) . Irregular menses was defined as a response of "yes" to the question about having had a period at least 1 year before baseline and having had three periods or fewer in the past 6 months.
At every follow-up visit, the following questions were asked: (1) "Have you had a period since the last visit?" and (2) "If yes, how many have you had?" This information was collected every 2 months during the first year of TODAY and every 3 months thereafter. Therefore, to determine the total number of periods in the 6-month period before the year 1 and year 2 visits, we combined information from visits at months 8, 10, and 12 for year 1 and from visits at months 21 and 24 for year 2.
Assays and calculations
Measurements of lipids (total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides), alanine aminotransferase, aspartate aminotransferase (AST), glucose, insulin, C-peptide, HbA1c, and sex steroids/SHBG were performed at a centralized laboratory (Northwest Lipid Research Laboratory, University of Washington, Seattle, WA) in stored morning serum samples using chemiluminescent immunoassays. The analytical range for testosterone is 10 to 1600 ng/dL, with intra-assay and interassay coefficients of variation (CVs) of 4.4% to 9.4% and 3.2% to 5.3%, respectively. The analytical range for SHBG is 1 to 200 nmol/L, with intra-assay and interassay CVs of 3.1% to 4.9% and 6.6% to 7.5%, respectively. The analytical range for estradiol is 20 to 4800 pg/mL, with intra-assay and interassay CVs of 7.9% to 19.9% and 4.7% to 8.9%, respectively.
Free androgen index was used as an estimate of free testosterone and was calculated as follows: 100 3 [total testosterone (nmol/L)/SHBG (nmol/L)]. Free testosterone was also calculated, assuming normal albumin, using the Vermeulen equation (14) . Insulin sensitivity was estimated by using 1/fasting insulin (1/I F ) (15) (17) .
Statistical analyses
Baseline demographic and metabolic characteristics were compared between girls with regular and irregular menses by using the Student t test or Wilcoxon rank-sum test for quantitative variables and the x 2 test for categorical variables. Additional adjustments were made for waist circumference as a surrogate for adiposity. Separate generalized linear mixed models were used to evaluate the effects of original treatment group assignment on the mean of each sex steroid over repeated time points. The models assumed an unstructured covariance structure. The TODAY study visits (baseline and months 12 and 24) were included as a class effect and the interaction between treatment group and visit was evaluated. Separate linear regression models were used to evaluate the association between each of the sex steroid measurements at baseline with markers of insulin resistance and b-cell function. Of note, those who were started on hormonal contraception (n = 26 between baseline and month 12 and n = 28 between months 12 and 24) during the study were removed from analysis at subsequent visits. This is a secondary exploratory analysis; thus, adjustment for multiple comparisons was not made. All analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC).
Results
Frequency of menstrual dysfunction
A total of 432 girls from the TODAY study were not receiving hormonal contraception in the 6 months before randomization; of those, 278 met the remaining inclusion criteria and had adequate menstrual data ( Fig. 1) , and 190 of those girls with adequate stored serum for measurement of sex steroids and SHBG were included for the remainder of the analyses. At months 12 and 24, a total of 123 and 101 girls, respectively, had adequate stored samples and were not receiving hormonal contraception. In the final cohort of 190 participants, 151 (79.5%) reported having had at least five periods in the previous 6 months (regular menses) and 39 (20.5%) had three or fewer periods in the previous 6 months (irregular menses).
Compared with the girls (n = 262) who were not included in the analysis, the final cohort was older [14.2 insulin; (mean) 6 1.7 insulin; (standard deviation) vs 13.4 6 2.2 years; P , 0.0001] and had lower insulin secretion, as measured by insulinogenic index and C-peptide index, but similar disposition indexes and slightly lower AST levels (21.3 6 9.6 vs 24.0 6 11.0 U/L; P = 0002). They also had higher total and free testosterone and estradiol (data not shown). Compared with those included in the study, those who were excluded because of hormonal contraceptive use were, on average, older (baseline: 14.2 6 1.7 vs 15.2 6 1.6 years, P = 0.0308; month 12: 15.0 6 1.6 vs 16.2 6 1.2 years, P = 0.0033; month 24: 16.1 6 1.6 vs 16.9 6 1.5 years, P = 0.0138). Those who were receiving hormonal contraceptives did not differ from the included cohort in terms of BMI, HbA1c, or treatment group at any time point.
Clinical, metabolic, and hormonal characteristics associated with menstrual dysfunction Demographic and metabolic characteristics at baseline are presented in Table 1 . TODAY girls with menstrual dysfunction were similar to those with regular menses in terms of age, race/ethnicity, diabetes duration, and diabetes control. However, those with irregular menses showed greater clinical evidence of metabolic dysfunction, as indicated by higher BMI, waist circumference, and liver aminotransferase values. The difference in mean AST remained significant after adjustment for BMI. Mean insulin sensitivity (1/I F ) and oDI did not significantly differ between the two groups. The mean insulinogenic index was higher in those with irregular menses, but this difference was not statistically significant after adjustment for BMI. Mean total testosterone and free androgen index were higher and mean SHBG and estradiol lower in girls with menstrual dysfunction; differences remained significant after adjustment for BMI. Most girls with irregular menses (79%) and a substantial proportion of those with regular menses (58%) had a free androgen index in a range (cut point . 6), consistent with previous reports of girls with clinical evidence of hyperandrogenism and women with PCOS (18, 19) . The distribution of free androgen index in those with and without irregular menses is shown in Fig. 2 . Of note, the frequency of irregular menses at baseline did not differ between girls who did not reach primary outcome by the end of TODAY (20% irregular menses) and those who had failure of glycemic control on oral therapy (21% irregular menses) (P = 0.75).
There were no significant associations between sex steroids or SHBG and insulin sensitivity, insulin secretion, or oDI estimates at baseline (data not shown).
Effect of treatment group on menstrual irregularity and sex steroids/SHBG Treatment group had no significant effect on menstrual irregularity between baseline and at 12 and 24 months (data not shown). The frequency of menstrual irregularity did not significantly improve over time (Fig. 3) . Menstrual frequency was also assessed at 12 and 24 months, including the girls who did not have adequate stored samples, and results were similar (data not shown). In the overall cohort, there was a significant increase in testosterone (P = 0.0095), SHBG (P = 0.0017), and estradiol (P = 0.001) across treatment visits, but there were no effects of treatment group on sex steroids or SHBG over time (Fig. 4) .
Discussion
This study reports on the frequency of menstrual dysfunction and associated metabolic defects in adolescent girls with type 2 diabetes. The 20.5% frequency of irregular menses in the TODAY girls who are .1 year postmenarche appears to be higher than in the general adolescent population, although reported prevalence of irregular menses in normal adolescents varies widely. One study suggests that 75% of healthy girls achieve a normal adolescent cycle length (21 to 45 days) within 1 year of menarche and that the frequency increases to at least 80% in the second postmenarchal year (20) ; however, the proportion of these girls with more strictly defined oligomenorrhea is unknown. Data from two large studies that include a total of 3358 girls and 307,592 menstrual cycles suggest that ,5% of girls have an average cycle length of $3 months in the first year after menarche (20, 21) . The prevalence rate of menstrual dysfunction in obese nondiabetic girls is not well studied, although a study of 835 Serbian girls suggests that BMI is higher in those with irregular menses (22) . In one smaller study of girls randomly selected from an adolescent medicine clinic, the frequency of irregular periods, defined as fewer than nine menses per year, in obese girls was 46% (19) ; another very small study of severely obese girls undergoing bariatric surgery reported a 32% frequency of oligomenorrhea (23) . Although the frequency of menstrual dysfunction in the TODAY study is much lower than in these other obese populations, substantial differences in the definitions of irregular menses in these studies and in the populations themselves make exact comparisons with TODAY difficult. Moreover, 80% of the TODAY girls were already receiving metformin at the time of screening (Table 1) , and all were receiving a maximized Abbreviations: ALT, alanine aminotransferase; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein. a Defined as a "yes" response to the question at baseline about ever having a period and, if yes, having had five periods or more in the past 6 months. metformin dose at baseline, so that the girls with PCOS would be considered treated at that time. This may have masked some of the menstrual dysfunction that would have been present if the girls had been untreated.
In the TODAY cohort, girls with irregular menses showed some differences in concentrations of circulating sex steroids compared with those with regular menses. Notably, they had significantly higher total testosterone (despite significantly lower SHBG) and free androgen index and lower estradiol. These differences persisted after adjustment for BMI. Elevated testosterone is a hallmark of the diagnosis of PCOS, a condition that affects 10% to 20% of the normal adult female population and is commonly associated with obesity and increased risk for type 2 diabetes. However, PCOS can be diagnosed only 2 years after menarche, and youthonset type 2 diabetes is often apparent before a diagnosis of PCOS can be made. As pointed out above, because the standard first-line treatment of type 2 diabetes is also a treatment of PCOS, underlying PCOS may be masked in these youth. These factors make the relationship between PCOS and type 2 diabetes in adolescents particularly challenging to elucidate. Characterization of PCOS in the TODAY cohort is further complicated by the fact that clinical hyperandrogenism was not assessed. However, studies in adult Figure 3 . Menstrual irregularity at annual visits. Proportion of TODAY girls not receiving hormonal contraception with irregular menses at baseline, 12 months, and 24 months. Prevalence of irregular menses over time did not significantly differ (P = 0.10). There was also no significant treatment effect on menstrual irregularity (data not shown; P = 0.60) Figure 2 . Free androgen index at randomization by menstrual status in female youth with type 2 diabetes in the TODAY study: 39 girls with irregular menses and 151 girls with regular menses at randomization. There was a high frequency of elevated free androgen index (.6) in both groups, despite treatment with metformin for at least 2 months during the run-in period.
(18) and adolescent (19) women suggest that indices of free testosterone, including free androgen index, are excellent markers of clinical hyperandrogenism and irregular menses. Receiver-operating characteristic analysis in a study of 120 lean and obese adolescent girls was used to define a free androgen index cut-point of 6.0 to indicate high risk for clinical hyperandrogenism. The proportion of TODAY girls with free androgen index .6.0 is high both in the regular menses group (58%) and in those with menstrual dysfunction (79%), indicating that many girls with treated diabetes still show biochemical and, therefore, likely clinical, hyperandrogenism. Thus, although PCOS cannot be clearly defined in the TODAY sample, key features of PCOS are common. Of note, a subset of TODAY girls with menstrual dysfunction did not have biochemical hyperandrogenism (20.5%), although this could potentially reflect previous treatment with metformin. Obesity itself is associated with menstrual disruption through suppression of gonadotropins (24, 25) , which may explain some of menstrual dysfunction seen in TODAY (although gonadotropins were not measured). The differences in sex steroid levels between those who were included in the analysis and those who were excluded probably reflect the relative reproductive immaturity of those excluded because a substantial proportion of them were premenarchal or had only recently experienced menarche (n = 112), and they were significantly younger than those included. Earlier pubertal status could also explain the higher insulin secretion in the excluded cohort, as insulin secretion is known to increase significantly during puberty in lean and obese youth without diabetes (26, 27) .
On the basis of known effects of obesity on reproductive factors in adults and animal evidence regarding the role of sex steroids in metabolism, we hypothesized that there may be some interaction between sex steroids during adolescence and metabolic function in obese girls with diabetes. However, we did not find any interactions among sex steroids, insulin sensitivity, and b-cell function in our cohort. Evidence from ovariectomized rats (28, 29) and postmenopausal women (30) (31) (32) (33) (34) (35) suggests that estrogen may improve insulin sensitivity. However, when estrogen concentrations are physiologically elevated, as in the midluteal phase of the menstrual cycle (36), insulin sensitivity worsens. Even less is known about estrogen effects on b-cell function; however, animal evidence suggests that estrogen promotes b-cell survival, insulin synthesis, and insulin secretion (37) . Elevated androgens as seen in girls with PCOS may also attenuate the favorable effects of estradiol in obese females during puberty. This body of evidence suggests a complex role for sex hormones in the regulation of insulin action and secretion that needs further study. However, our study is limited by the fact that it does not include measurements before puberty, that all girls were receiving metformin at the time of sex steroid measurement, and that sex steroids were not measured by the most sensitive method (tandem mass spectrometry/mass spectroscopy). Further longitudinal studies are needed to better characterize the effect of obesity on reproductive hormones and b-cell function during the pubertal transition period and, thus, to better understand potential sex differences in the pathophysiology of youth-onset type 2 diabetes. Although the TODAY participants with irregular menses were similar to those with regular menses in terms of insulin sensitivity and most metabolic markers, they did have a higher BMI and liver aminotransferase levels. Even after adjustment for BMI, AST remained significantly higher in the TODAY girls with menstrual dysfunction. This may specifically represent a link between PCOS and fatty liver disease. One recent study of nondiabetic obese adolescent girls with and without PCOS demonstrated a high frequency of hepatic steatosis, as measured by magnetic resonance imaging, in girls with PCOS (49%) compared with those without (14%) (38) . As new treatments for nonalcoholic fatty liver disease emerge, developing better ways to clinically identify patients at the greatest risk will be important, with menstrual dysfunction being one such marker that can be used in combination with others, such as liver aminotransferases.
We did not find any added treatment effects of lifestyle or rosiglitazone on the biochemical hyperandrogenism in TODAY participants, who were previously treated with metformin. Studies of women with PCOS treated with metformin or thiazolidinediones demonstrate improvements in insulin sensitivity and reductions in total or free testosterone, and improvement in fertility (39) (40) (41) . Fewer studies have compared the addition of thiazolidinediones to metformin treatment in women with PCOS. One study that compared metformin and rosiglitazone monotherapy reported improvement in androgens, insulin sensitivity, and menstruation in both groups; however, improvements in menstruation were greater in the rosiglitazone group (42) . A Chinese study showed a better therapeutic effect of metformin plus rosiglitazone compared with metformin alone on menstrual function/fertility and also demonstrated a reduction in triglycerides, testosterone, and insulin resistance in the metformin plus rosiglitazone group (40) . In the TODAY cohort, menstrual regularity and free androgen index did not significantly improve over time. Furthermore, although metformin plus rosiglitazone showed beneficial effects compared with metformin monotherapy in terms of glycemic control, the combination did not have added benefit for menstrual regularity or serum testosterone concentrations. Of note, the TODAY participants had already been treated with metformin for a minimum of 2 months when the baseline sex steroids and SHBG were measured, which may have somewhat masked the true treatment effects on these measures.
In summary, in girls with recent-onset type 2 diabetes, we found a higher frequency of irregular menses than in previous reports of healthy adolescents; however, it is difficult to quantify how much of this menstrual irregularity is related to obesity alone because of the lack of an obese nondiabetic comparison group. Irregular menses were associated with higher testosterone and AST and lower estradiol concentrations. This study examined sex steroids and menstrual health in a large cohort of girls with obesity and recent youth-onset type 2 diabetes treated with metformin with or without rosiglitazone. Further studies are needed to better understand the role of reproductive hormones on sex differences in pathophysiology of type 2 diabetes in youth.
